The cysB rgion in Salmonella typhimurium regulates in a positive manner the noncontiguous structural genes for the enzymes responsible for sulfate reduction in cysteine biosynthesis. We treated three cysB mutants (13) demonstrated that the 14 cistrons involved in cysteine biosynthesis are divided into five discrete groups widely scattered over the linkage map as illustrated in Fig.  1 . A scheme of the biosynthetic pathway is presented in Fig. 2 . The reductive enzymes are repressed by growth on cysteine, and expression of the structural genes for all the reductive enzymes is dependent upon the integrity of the cysB region (the positive regulatory region) and the presence of O-acetylserine (OAS) (3, 4; H. Spencer, J. Collins, and K. J. Monty, Fed. Proc. 26:677, 1967). The results reported here demonstrate that for 60 suppressed mutants, the correcting mutation is very closely linked to the original mutation and probably is located within the cysB region. Regulatory control of the cysteine biosynthetic pathway is examined at the biochemical level by growth of bacteria on various sulfur sources and assay of some of the enzymes of the pathway. Several patterns of aberrant control are documented.
Mizobuchi et al. (13) demonstrated that the 14 cistrons involved in cysteine biosynthesis are divided into five discrete groups widely scattered over the linkage map as illustrated in Fig.  1 . A scheme of the biosynthetic pathway is presented in Fig. 2 . The reductive enzymes are repressed by growth on cysteine, and expression of the structural genes for all the reductive enzymes is dependent upon the integrity of the cysB region (the positive regulatory region) and the presence of O-acetylserine (OAS) (3, 4 ; H. Spencer, J. Collins, and K. J. Monty, Fed. Proc. 26:677, 1967 ). The results reported here demonstrate that for 60 suppressed mutants, the correcting mutation is very closely linked to the original mutation and probably is located within the cysB region. Regulatory control of the cysteine biosynthetic pathway is examined at the biochemical level by growth of bacteria on various sulfur sources and assay of some of the enzymes of the pathway. Several patterns of aberrant control are documented.
MATERIALS AND METHODS Bacterial strains. Salmonella typhimurium wildtype strain LT2 and the cysteine auxotrophs cysBa25, cysBbl2, and cysBc482 were first described by Demerec and Hartman (2) and were later mapped by Mizobuchi et al. (13) . The pyrll 7 marker is the result 'Present address: Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, Tenn. 37232 . 94 of a mutation induced by fast neutrons in the pyrF gene (7) . The trp-marker was produced earlier in this laboratory, and phenotype studies of the mutant indicate that the mutation is either trpE or trpB (J. Arthur and K. J. Monty, unpublished data). The hisl35 marker, obtained from Philip Hartman, is a deletion in the E and F genes of the histidine operon that arose spontaneously from pro2l+ (6, 7) . Bacteriophage strain. The temperate phage PLT-22 (H-1) was used for all transductional experiments (5, 17) .
Media and solutions. T-2 buffer was prepared by a modification of the procedure of Hershey and Chase (8) . Minimal medium has been described previously (2) . Nutrient broth and nutrient agar were from Difco.
Production and isolation of suppressor mutants. Overnight nutrient broth cultures of cysBa25, cysBbl2, and cysBc482 were harvested by centrifugation, washed, and resuspended in 2 ml of saline. For mutation by 2-aminopurine (2-AP), 0.2 ml of a 4-mg/ml solution of 2-AP and then 0.1 ml of one of the suspensions of a cysB mutant were spread onto sulfate minimal medium. For mutation by ethyl methane sulfonate (EMS) 0.1 ml of the above suspension of a cysB mutant was spread onto sulfate minimal medium, and a sterile filter disk was placed on the center of the plate with two drops of EMS deposited on the disk. The mutant strains were derived and designated in the following manner: strains Ba25-PR1 through Ba25-PR20 from EMS treatment of cysBa25; strains Ba25-PR21 through Ba25-PR30 from 2-AP treatment of cysBa25; strains Bbl2-PR101 through Bbl2-PR120 from EMS treatment of cysBbl2; strain Bbl2-PR121 from 2-AP treatment of cysBbl2; strains Bc482- PR201 through Bc482-PR220 from EMS treatment of cysBc482; and strains Bc482-PR221 through Bc482-PR230 from 2-AP treatment of cysBc482.
Determination of growth rates. Growth rates were determined by using minimal medium and sulfur sources at a concentration of 10-4 M. Sulfur sources used were cysteine, cysteine sulfinic acid (CSA), sodium thiosulfate, and sodium sulfate. Growth on sulfide was examined at two different concentrations of sodium sulfide (10-4 and 5 x 10-4 M) with incubation in tubes tightly capped with polypropylene stoppers to prevent the escape of sulfide via the vapor phase.
Transduction experiments. Two-factor crosses were performed with one marker selected and the transductants were scored for the presence of an unselected marker (9, 17) .
Construction of the sulfide trap. During transductional mapping, it was discovered that some recombinant cells containing the PR mutations were producing hydrogen sulfide, which supported growth of the recipient cells. In an effort to trap the sulfide and prevent this vapor-phase feeding, a lead acetate trap was placed in the half of a petri dish not containing the agar. The trap consisted of circles of filter paper dipped in a solution of 0.197 g of lead acetate per ml of 50% glycerol-50% water.
Growth and harvest of cultures for enzymatic assay. Sulfate-containing minimal medium was used when sulfate was provided as the sole sulfur source. Sulfate is present in this medium at a concentration of 1.7 x 10-' M. When using other sulfur sources, sulfurless minimal medium was prepared and the sterile sulfur source was added to the sterile medium. Sulfur sources used were L-djenkolic acid (2 x 10-4 M), CSA (10-4 M), and L-cysteine hydrochloride hydrate (2 x 10-4 M). The former two sulfur sources were sterilized by filtration, and the cysteine was sterilized by autoclaving.
An overnight culture was used to inoculate 600 to 1,100 ml of medium to a cell density of 10s/ml in a cotton-stoppered 2,800-ml Fernbach flask. The culture was grown at 37 C with forced aeration. Unless otherwise specified, cultures were harvested by centrifugation during mid-log phase of growth (5 x 108 to 6 x 108 cells/ml). Storage of frozen cells over a period of several months appeared to have no effect on the level of enzymatic activity exhibited by the crude extracts prepared subsequently.
Preparation of crude extract for enzymatic assay. Frozen pellets of cells were thawed and resuspended in 5 Table 1 .
Previous liquid growth studies of class 1-A mutants indicated that their growth rates were indistinguishable from those of strain LT2. Growth curves on sulfate minimal medium for each class 1-A mutant and strain LT2 were generated with removal of all possible sulfide by constant vigorous bubbling of sterilized air through each tube. Growth rates of class 1-A mutants and strain LT2 were identical; therefore, the sulfide given off by the class 1-A mutants was not necessary for their optimal growth on sulfate minimal medium.
Class 1-B mutants. Suppressed mutants in class 1 that exhibited no sulfide feeding were designated class 1-B mutants. Suppressed mutants produced from all three original cysB mutants had representatives in the class 1-B phenotype as shown in Table 1 .
Class 2 mutants. Class 2 mutants included mutants whose growth on sulfate was noticeably impaired compared with the growth of strain LT2. Class 2 mutants could be divided into the following subgroups. Class 2-A mutants demonstrated a wild-type rate of growth on cysteine, CSA, and thiosulfate, but experienced an initial lag in growth on sulfate. Class 2-B mutants gave a wild-type rate of growth on cysteine, CSA, and thiosulfate but grew slowly on sulfate. Class 2-C mutants showed a wild-type rate of growth on cysteine, CSA, and thiosulfate but grow very little on sulfate. Class 2-D mutants gave a wild-type rate of growth on cysteine, a slow rate of growth on CSA and thiosulfate, and very little growth on sulfate. Suppressed mutants within these classes are listed in Table 1 .
Genetic analysis. The suppressed mutants were mapped versus trp and pyr markers. Since 
Bc482-PR227 Bc482-PR217 Enzyme levels of strain LT2. It has been shown many times that growth on cysteine or cystine will lower the activity of sulfite reductase to a level that is not detectable (3, 4) . Growth on L-djenkolic acid, sulfate, or CSA gave induced levels of sulfite reductase activity. The levels of sulfite reductase activity found in strain LT2 grown under these different conditions are given in Table 2 . Most of the enzymatic activities listed in Table 2 are averages of several different experiments. All the enzymes of the reductive part of the pathway responded in parallel to each sulfur source; thus, sulfite reductase activity could be used as a representative of the entire reductive pathway (11; Spencer et al., Fed. Proc. 26:677, 1967).
Enzyme levels of cysB mutants. The data in Table 2 show that cysB mutants when grown on cysteine had no detectable levels of sulfite reductase. Although L-djenkolic acid was a sulfur source yielding a high level of sulfite reductase activity in strain LT2, cysBc482 had no detectable sulfite reductase activity when grown on L-djenkolic acid. This response to REGULATORY MUTANTS IN S. TYPHIMURIUM and cysBc484 when grown on cysteine had a level of OAS sulfhydrylase activity that was higher than that of cysteine-grown strain LT2. The level of activity found in cysBc482 was not increased in response to growth on L-djenkolic acid or CSA. These data for cysB auxotrophs are presented in Table 2 . Since mutations in the cysB region yielded altered levels of expression of OAS sulfhydrylase, the cysB region apparently functions in the control of OAS sulfhydrylase. These data are consistent with those of Kredich (11) .
Enzyme levels of class 1-A mutants. All class 1-A mutants were the result of a second mutation in cysBc482. The nonvarying level of OAS sulfhydrylase that was noted with cysBc482 was retained in the suppressed cysB mutants of class 1-A but at a level of activity that was higher than that seen in cysBc482. Actually two general levels of OAS sulfhydrylase activity were found in class 1-A mutants ( Table 2 ). The level of activity of the sulfhydrylase found in Bc482-PR224 was comparable to the maximum seen in strain LT2, and the level of activity found in the other four mutants was noticeably higher. Although the data for sulfite reductase activity in class 1-A mutants presented in Table 2 are rather scattered, there is no systematic variation. The level of sulfite reductase activity does not appear to be dependent on the sulfur source in the growth medium. In contrast to what has been seen in all other mutants discussed so far, sulfite reductase activity in this class never fell to undetectable levels.
Enzyme levels of class 1-B mutants. Suppressed mutants that mimic wild-type behavior are called class 1-B mutants. The enzymatic activity of Bc482-PR206 is presented in Table 2 as an example of results obtained from this class of mutants. Cultures grown on cysteine gave lower levels of sulfite reductase and OAS sulfhydrylase activity than those grown on CSA or L-djenkolic acid.
Enzyme levels of class 2 mutants. The enzymatic activities for class 2 mutants are shown in Table 2 . The levels of OAS sulflhydrylase activity in class 2 mutants that are the result of a second mutational step in cysBc482 were the same as or higher than the maximum level found in strain LT2, and varying the sulfur source in the growth medium had no substantial effect on the level of activity. The level of sulfite reductase of these mutants when grown on CSA or L-djenkolic acid was similar to that of cysBc482. However, sulfite reductase activity did not fall to undetectable levels by growth on cysteine as in the case with strain LT2 and cysBc482. When class 2 mutants that are the result of a second mutational step in cysBa25 were grown on cysteine, they had levels of OAS sulfhydrylase activity that were similar to the activity level found in strain LT2 grown on cysteine.
Enzyme levels during stationary phase. As seen in Table 2 , we have some difficulty in growing strain LT2 and class 1-B mutants on cysteine and in reproducing the expected low levels of OAS sulfhydrylase activity (-600 mU/mg of protein). In some experiments the level of OAS sulfhydrylase activity was three times too high. Kredich has reported similar variability of enzymatic activity of cultures grown repeatedly on the same sulfur source and suggests that it is due to imperfect control of culture conditions (11) . The following series of observations will be used to argue that these difficulties reflect the attainment by the cells of a high level of the sulfhydrylase enzyme during resting phase at population limit and then the variable dilution of this presynthesized enzyme as the cells are reestablished in logarithmic growth.
We observed that OAS sulfhydrylase activity in strain LT2 harvested after attainment of population limit on cysteine overnight was much higher than the level of activity normally found during mid-log growth on cysteine. By contrast, sulfite reductase remained at undetectable levels. We asked whether OAS sulfhydrylase would reach zero by continuous logarithmic growth for five days without exposure to stationary phase. A culture of strain LT2 on cysteine minimal medium was grown to an optical density at 424 nm of 1.0 and divided into three portions. The first was used to inoculate an identical medium, the second was used for enzymatic assay, and the third was grown overnight into stationary phase and then used for enzymatic assay. This procedure was carried through several cycles. The OAS sulfhydrylase in mid-log-phase cultures of strain LT2 was the lowest seen for the strain, but stationary cultures had a very high level ( PR227 were treated in a manner similar to that described above. 277, 1967 ) that the cysB region in S. typhimurium exerts control in a positive manner over the enzymes concerned with the biosynthesis of L-cysteine with the exception of serine transacetylase. The six phenotypic patterns of the suppressed mutants demonstrate that the inability of the parent cysB mutants to produce the catalytic components of the sulfur reduction pathway has been corrected to varying degrees in the suppressed mutants.
The structural genes for the enzymes of the cysteine pathway are scattered throughout the chromosome. In order for the product of the cysB region to interact with scattered structural genes, we proposed that this product is multivalent with perhaps a different controlling site for each set of structural genes. It has been demonstrated that independent mutations within the cysB region can alter drastically the quantitative relationships of the enzymes of the pathway to one another. The second mutation in class 1-B mutants returns the control of both sulfite reductase and OAS sulfhydrylase to the type of control exhibited by strain LT2. The second mutation in class 1-A mutants and the class 2 mutants that were derived from cysBc284 can introduce a totally new form of control for sulfite reductase (where the level of enzyme does not reach zero) and at the same time alter the level of activity of sulfhydrylase without altering the lack of response of sulfhydrylase to the sulfur source in the growth medium. In the class 2 mutants that were derived from cysBa25, the second mutation does not alter the ability of cysteine to depress sulfite reductase to undetectable levels, and yet the level of OAS sulfhydrylase during cysteine growth has been increased.
Although these investigations are the first 100 BORUM AND MONTY J. BACTERIOL. The parallel behavior of sulfite reductase and OAS sulfhydrylase of strain LT2 characteristic of logarithmic-phase growth is lost during stationary phase. On cysteine minimal medium, sulfite reductase remains at undetectable levels during both logarithmic and stationary phases, but OAS sulfhydrylase activity increases greatly upon reaching stationary phase. On sulfate minimal medium, sulfite reductase decreases in activity upon reaching stationary phase but OAS sulfhydrylase remains at a high level of activity. However, mutation in the cysB region can alter these relationships during stationary phase just as during logarithmic growth. On cysteine minimal medium the cysBc482 mutant and two representatives of class 1-A mutants do not exhibit the expected increase in OAS sulfhydrylase activity upon reaching stationary phase. As another example of divergence, the two class 1-A mutants have high levels of sulfite reductase activity during the logarithmic phase of growth and, although the activity decreases in stationary phase, it does not fall to zero. In addition to proposing a multivalent cysB product that is able to control several scattered structural genes in a parallel manner during logarithmic growth, one must consider that each controlling site can have an independent and possibly different response to the metabolic circumstance of stationary phase.
